Mossman virus (MoV) was isolated on two occasions from wild rats trapped in Queensland, Australia, during the early 1970s. Together with Nariva virus and J-virus MoV belongs to a group of novel paramyxoviruses isolated from rodents during the last 40 years, none of which had been characterized at the molecular level until now. cDNA subtraction strategies used to isolate virus-specific cDNA derived from both MoV-infected cells and crude MoV pellets were pivotal steps in rapid characterization of the complete genome sequence. Analysis of the full-length genome and its encoded proteins confirmed that MoV is a novel member of the subfamily Paramyxovirinae which cannot be assigned to an existing genus. MoV appears to be more closely related to another unclassified paramyxovirus Tupaia paramyxovirus (TPMV), isolated from the tree shrew Tupaia belangeri. Together with Salem virus (SalV), a further unclassified paramyxovirus that was isolated from a horse, MoV and TPMV make up a new collection of paramyxoviruses situated evolutionally between the genus Morbillivirus and the newly established genus Henipavirus.
Introduction
For hundreds of years diseases caused by paramyxoviruses have had an immense impact on both humans and animals. In the last few decades numerous novel paramyxoviruses of many different animal species have emerged, several of which have been accompanied by spectacular outbreaks of disease.
Members of the family Paramyxoviridae are enveloped viruses possessing a nonsegmented negative-strand genome and are divided into two subfamilies, the Paramyxovirinae and the Pneumovirinae. Until recently viruses within the subfamily Paramyxovirinae were classified into three genera: Respirovirus, Morbillivirus, and Rubulavirus. The genera Henipavirus, containing Hendra virus (HeV) and Nipah virus (NiV) , and Avulavirus, containing Newcastle disease virus (NDV) and the other avian paramyxoviruses (Peeters and Koch, 2002) , are also now recognized. Several recently emerged members of the sub-family do not possess properties consistent with their placement into any of these five existing genera (Wang et al., 2003) .
Two newly identified morbilliviruses, Phocine distemper virus (PDV) and Cetacean morbillivirus (CMV), have been implicated in thousands of marine mammal deaths. PDV was first isolated from tissues taken during the 1988 epizootic of harbour seals (Phoca vitulina) and grey seals (Halichoerus grypus) in northwest Europe (Visser et al., 1993) and it was estimated that by the end of 1988 over 17,000 seals had died during this epizootic. Both isolates of CMV, namely Dolphin morbillivirus (DMV) and Porpoise morbillivirus (PMV), have been found to be responsible for several mass mortalities of dolphin species since 1987.
Since 1994 four novel bat-associated paramyxoviruses have emerged, three of which have caused outbreaks of disease in both humans and animals. In September 1994 in Brisbane, Australia, HeV caused an outbreak of severe respiratory disease resulting in the death of 14 horses and their trainer (Murray et al., 1995) . A further fatal human case and three fatal equine cases of HeV infection have since been diagnosed Hooper et al., 1996; O'Sullivan et al., 1997) . In March 1999 NiV was isolated and subsequently identified as the cause of an outbreak of encephalitis in humans in Malaysia that began in September 1998 and resulted in 105 fatalities (Anonymous, 1999a (Anonymous, , 1999b Chua et al., 1999 Chua et al., , 2000 . The outbreak was associated with respiratory illness in pigs and over one million pigs were culled in its control. Species of fruit bat belonging to the genus Pteropus have been identified as the likely natural hosts of both HeV and NiV (Enserink, 2000; Halpin et al., 1999 Halpin et al., , 2000 . In 1997 Menangle virus (MenV) was isolated from stillborn piglets, frequently affected by foetal deformities, at a commercial piggery in New South Wales, Australia (Philbey et al., 1998) , and serological evidence indicated that it may have caused influenza-like illness in two humans who had been in close contact with the infected piglets (Chant et al., 1998) . The presence of neutralizing antibodies in several species of fruit bat suggests that they may also be the natural host of this virus (Philbey et al., 1998) . In 2000 Tioman virus (TiV) was isolated from urine collected from fruit bats on Tioman Island, Malaysia (Chua et al., 2001) . Molecular characterization has revealed that MenV and TiV are closely related novel members of the genus Rubulavirus (Bowden et al., 2001; Chua et al., 2001 Chua et al., , 2002 .
Tupaia paramyxovirus (TPMV) was isolated from the kidneys of an apparently healthy tree shrew, Tupaia belangeri, captured in Thailand in the late 1970s (Tidona et al., 1999; Wang and Eaton, 2001) . Molecular characterization of the nucleoprotein (N) and phosphoprotein (P) genes indicated that TPMV is most closely related to HeV and, to a lesser extent, members of the genus Morbillivirus (Tidona et al., 1999) . Salem virus (SalV) was isolated from horse mononuclear cells collected during a disease outbreak at racetracks in New Hampshire and Massachusetts, USA, in 1992, although a causal relationship between SalV and the outbreak was not identified (Renshaw et al., 2000) . Comparative analysis of the N and P gene sequences suggested that SalV is most closely related to the morbilliviruses and to a lesser extent HeV and TPMV (Renshaw et al., 2000) . Whilst the ability of TPMV and SalV to cause disease is unknown their isolation and characterization further illustrates the wide host range, distribution, and genetic diversity of recently emerged members of the subfamily Paramyxovirinae.
At least three novel paramyxoviruses have been isolated from rodents since the early 1960s. Nariva virus (NaV) was isolated on four separate occasions from the forest rodent species Zygodontomys b. brevicauda, trapped in Eastern Trinidad during 1962 and 1963 (Tikasingh et al., 1966 , and was classified as a paramyxovirus on the basis of virion morphology and nucleocapsid structure (Walder, 1971 ). Jvirus (J-V) was isolated on four separate occasions from moribund Mus musculus trapped in 1972 during a study of the pathology of feral rodents in North Queensland, Australia (Jun et al., 1977; Mesina et al., 1974) . It was reported that all four mice had extensive haemorrhagic lung lesions and, together with evidence of interstitial pneumonia in experimentally infected mice and rats, this led to the suggestion that J-V is a natural respiratory pathogen of feral Queensland Mus musculus (Jun et al., 1977) . It was identified as a paramyxovirus on the basis of its cytopathic effect in cell culture and morphology on electron microscopy. Mossman virus (MoV), the subject of this study, was isolated on two separate occasions from the pooled organs of rats trapped during a study investigating arthropod vectors of Rickettsia spp. in Queensland, Australia: a female Rattus leucopus trapped in 1970 near Mossman in Queensland's far north and a male Rattus fuscipes trapped in 1971 approximately 1500 km away at Canungra in the state's south (Campbell et al., 1977) . Based on the cytopathic effect of MoV in cell culture, the structure of virions and nucleocapsids on electron microscopy examination and the lack of reactivity with antisera to a wide range of viruses, including NaV and J-V, it was concluded that MoV was a new paramyxovirus. Clear evidence of the natural mode of transmission of MoV has not been found. In a survey conducted by Queensland Health, 64 of a total of 175 rats of both native and introduced species trapped in North Queensland and South East Queensland during the period July 1998 to October 1999 were serologically positive for the presence of antibodies against MoV (Smith, G., personal communication), indicating that MoV (or a closely related virus) is still in circulation in Queensland rodent populations approximately 30 years after its first isolation in the same region. Although the disease-causing potential of these paramyxoviruses isolated from rodents is unclear they could provide significant information to aid in the understanding of virus evolution within the family Paramyxoviridae, particularly considering their broad geographical distribution.
Here we report the complete genome sequence of MoV, the first member of the aforementioned group of novel rodent paramyxoviruses to be characterized at the molecular level. Sequence comparisons with other paramyxoviruses were carried out both to predict biological properties of MoV and to ascertain its taxonomic position within the family Paramyxoviridae.
Results and discussion

Characterization of the Mossman virus genome
To obtain initial MoV-specific sequence recently developed cDNA subtraction strategies were used. First, an mRNA-based subtraction was conducted to isolate differentially expressed cDNA fragments from BHK cells infected with MoV (Bowden et al., 2001; Chua et al., 2001) . While this strategy proved successful in that from the most successful cloning experiment 70% of inserts sequenced were identified as virus specific by homology search using the blastx program at the NCBI server, all virus "hits" were to paramyxovirus proteins encoded by the N, P, M, F, and H/HN/G genes and none to the L protein ( Fig. 1) . These results illustrate the limitations of this strategy in that mRNAs that are expressed at low levels or are very long, such as the mRNA encoding the L protein, fail to be subtracted and amplified. To address this limitation a genomic RNA-based subtraction strategy was developed that had two major modifications: genomic RNA instead of mRNA was used as starting material and random primers instead of oligo-dT primers were used for cDNA synthesis. J-V genomic RNA was used as the control (driver) in this subtraction. Although the positive hits percentage (approximately 70%) was similar to that derived from the mRNA subtraction, these hits were more evenly spread across the genome and numerous matches to the L protein were obtained ( Fig. 1 ). When the MoV-specific clones obtained by both cDNA subtraction strategies were combined they covered a large proportion of the MoV genome and were evenly spaced from nucleotide 87 to 16383 ( Fig. 1) .
MoV-specific oligonucleotide primers were designed using the sequence data obtained from the subtraction experiments described above. PCR products were generated to fill in the sequence "gaps" between cDNA clones, as well as to cover the entire length of the genome, using randomly primed cDNA generated from viral genomic RNA as template. Every nucleotide (nt) in the genome was sequenced with a minimum of three-fold redundancy, at least once in each sense and at least once directly from PCR template without cloning. A degenerate primer designed from the highly conserved 13-nt genome termini of members of the genus Henipavirus, in combination with a MoV N genespecific primer, was successful in generating a PCR product containing the 5Ј untranslated region (UTR) of the N gene and the leader sequence of the genome. Due to the comple-mentary nature of the first 13 nt of paramyxovirus genome termini, this primer was also successful, when combined with MoV L gene-specific primers, in generating a PCR product containing the 3Ј UTR of the L gene and the trailer sequence of the genome. Randomly primed cDNA prepared from total RNA extracted from a crude MoV pellet was used as template for both these PCR reactions. These results are consistent with previous observations that for most paramyxoviruses an amount of positive sense antigenome is copackaged in the virion together with the negative sense genome (Bowden et al., 2001; Lamb and Kolakofsky, 2001) , although in this experiment cellular debris contaminating the crude MoV pellet might also represent a significant source of antigenome RNA. The 5Ј RACE method used to obtain the exact sequence of the 13 nt at each end of the MoV genome (see materials and methods section for details) also made advantage of the presence of both genome and antigenome RNA in the crude virus pellet.
Genome features
The structure of the MoV genome, comprising six genes in the order: 3Ј-N-P/V/C-M-F-G-L-5Ј (G is used to represent the attachment protein gene of MoV; see later explanation), resembles that of other viruses belonging to the subfamily Paramyxovirinae. At 16,650 nucleotides the MoV genome is smaller in comparison to the henipavirus genomes (18.2 kb) but larger than those of the other Paramyxovirinae members (15.2-16.2 kb). The sizes of the encoded MoV proteins are similar to those of other paramyxoviruses resulting in a coding percentage for the MoV genome of 86.6%, intermediate between the coding percentage of the henipaviruses (82%), and the average of the remaining genera in the subfamily (92%). Like the henipaviruses, the increase in genome size is due to the presence of longer untranslated regions at the 3Ј end of the mRNA molecules of most genes. A notable exception is the MoV L gene, which has a 3Ј UTR of just 28 nt ( Table 1) .
The first and last 11-13 nt in the genomes of paramyxoviruses are highly conserved and complementary in nature and are critical elements of the genome and antigenome viral RNA polymerase promoter (Lamb and Kolakofsky, 2001) . Conservation of genome termini sequences between members of a genus is particularly strong and subsequently this feature is an important criterion for classification of viruses within the subfamily Paramyxovirinae. Complementarity between the 3Ј and 5Ј terminal sequences of MoV is imperfect with nt residues 5 and 7 differing between the two ( Fig. 2A) . The termini of several other paramyxoviruses differ at one position and Measles virus (MeV) also has differences at two nt residues (5 and 12). Like HeV, MoV has a G residue at position 4 of its 3Ј leader sequence instead of the A residue found in all other members of the subfamily (Fig. 2B ). At 55 nt (including the 3 nt intergenic region), the MoV 3Ј leader sequence is identical in length to the 3Ј leader sequences of all other members of the Paramyxovirinae. In contrast to the 3Ј leader, the length of the 5Ј trailer region varies considerably between members of the subfamily. The rubulaviruses have the shortest 5Ј trailer sequences (20 to 32 nt) while those of the henipaviruses (33 nt), morbilliviruses (41 to 45 nt), respiroviruses (45 to 58 nt), and avulaviruses (54 to 114 nt) are increasingly longer. TPMV has the longest 5Ј trailer region (590 nt) sequenced to date. At 51 nt the 5Ј trailer of MoV is most similar in length to the 5Ј trailers of the genus Respirovirus.
Transcription of individual genes of Paramyxoviridae family members is carried out by a stop and reinitiation mechanism that is controlled by conserved sequences at the gene borders (Lamb and Kolakofsky, 2001) . MoV is similar to members of the genera Respirovirus, Morbillivirus, and Henipavirus in having a conserved trinucleotide intergenic region (IGR) sequence. The gene start, stop, and IGR sequences of MoV are shown in Table 2 (throughout this article all nucleotide sequences are presented as cDNA in the antigenome 5Ј-3Ј sense unless otherwise is indicated). Table 2 are the consensus gene start, stop, and IGR sequences of MoV, TPMV, and the henipavirus, morbillivirus, and respirovirus genera. The consensus gene stop sequence of MoV is most similar, in fact almost identical, to that of the henipavirus genus while its consensus gene start sequence is most similar to that of the morbillivirus genus. Like the morbilliviruses and respiroviruses, the IGR of MoV is a conserved, but not invariant, trinucleotide.
Also shown in
Each paramyxovirus nucleocapsid protein is predicted to associate with exactly six nucleotides and it is the resulting helical nucleocapsid core that serves as the template for RNA synthesis (Egelman et al., 1989) . It is presumed that as a consequence of this arrangement paramyxovirus genomes only replicate well when they are a multiple of 6 nt in length-referred to as the "rule of six" (Kolakofsky et al., 1998) . Furthermore, analysis of the transcription initiation sites of paramyxoviruses revealed that viruses within a genus have very similar patterns of hexamer phasing positions of the initiating A residue of each gene (Kolakofsky et al., 1998) . MoV adheres to the rule of six and has the hexamer phasing pattern 2,2,4,4,4,4, unique among the paramyxoviruses sequenced to date (Wang et al., 2003) and most similar to that of the henipaviruses (2, 3, 4, 4, 4, 3) .
The predicted coding strategy of the MoV P gene is similar to that of the henipavirus, morbillivirus, and respirovirus genera. The MoV P gene is predicted to encode the P protein in its unedited mRNA and the V protein in an edited mRNA version created by the addition of a single net nontemplated G residue to the nascent mRNA molecule at the editing site. The putative C protein utilizes an alternative open reading frame present in both the edited and unedited mRNA species. It should be noted that the editing site of the MoV P gene (AAAAGGGG) differs from the highly conserved nucleotide sequence AAAAAGGG present at the editing site of other paramyxoviruses using the same P gene coding strategy, with the exception of TPMV (Fig. 3 ).
The nucleoprotein (N) gene
The mRNA for the N gene of MoV is predicted to be 1797 nt in length and to encode a nucleoprotein of 528 amino acid (aa) residues with a calculated molecular mass (M r ) of 58.6 kDa (Table 1) . A second ORF, coding for a putative 61-aa protein, begins in a different reading frame 1363 nt downstream of the initiation codon for the N protein. It is similar in size and position to the reported putative 72-aa protein encoded by the NiV N gene but has no significant amino acid homology with it or with other known proteins. An interesting feature of this MoV ORF is the presence of three consecutive in-frame ATG codons at the 5Ј-terminus (tgaaa atg atg atg cat), perhaps used as a mechanism to strengthen initiation of translation. The predicted start codon for the putative MoV N protein and the three ATG codons for the putative 61-aa protein are in suboptimal contexts for translation initiation (Kozak, 1991) , all having an A at the Ϫ3 position but none having a G at ϩ4.
Pairwise alignments show that the deduced MoV N protein has amino acid sequence identities of 37% with the unclassified viruses TPMV and SalV and 35-36% with the henipaviruses and morbilliviruses. Identities with N proteins of the avulaviruses (25-29%), rubulaviruses (25-26%), and respiroviruses (23-25%) are significantly lower.
The MoV N protein, like the N proteins of other paramyxoviruses, can be divided into three domains on the basis of sequence variability. The central domain (aa 171-387) is the most conserved, having an amino acid identity of 58% with its closest homologue [Oeste-des-petits-ruminants virus (PPRV)] while the C-terminal domain (aa 388 -528) is the least conserved with an amino acid identity of only 25% with its closest homologue [Avian paramyxovirus type 6 (APMV6)]. The highly conserved Paramyxovirinae any amino acid residue and represents an aromatic amino acid residue (adapted from Morgan, 1991) , is present within the central domain of the MoV N protein at aa 322-336 ( Fig. 4 ). In Sendai virus (SeV) residues Y260 and F324 have been found to be necessary for the N protein's ability to bind RNA (Y260) and correctly self-assemble (F324) (Myers et al., 1997) . These residues are invariant among members of the Paramyxovirinae, including MoV where they occur at amino acid residues 258(Y) and 322(F), respectively.
The phosphoprotein (P/V/C) gene
The predicted mRNA molecule encoded by the MoV P/V/C gene is 2093 nt long and contains two major open reading frames. The largest ORF (ORF-P) is in the ϩ2 reading frame and encodes a putative P protein 542 aa long with a calculated M r of 58.4 kDa (Table 1 ). This assumes that the first available ATG codon initiates translation despite being in a suboptimal context (Kozak, 1991) , having a C in position Ϫ3 and a G in position ϩ4. It seems likely that this is the case as the next available in-frame ATG is 378 nt downstream and is also in a suboptimal context for translation initiation. In the ϩ3 reading frame, 28 nt downstream from the initiation codon of ORF-P, there is a 152-aa ORF (ORF-C) encoding the putative C protein, which has a calculated M r of 17.8 kDa and pI of 8.8 (Table 1) . Its ATG codon is in a stronger context for translation initiation when compared with the ATG of ORF-P, having an A in position Ϫ3 and a C in position ϩ4. Like most other members of the Paramyxovirinae the P/V/C gene of MoV contains an AGrich region at which cotranscriptional mRNA editing is likely to occur. In MoV, as in viruses of the genera Henipavirus, Morbillivirus, and Respirovirus, addition of a single nontemplated G residue to the nascent mRNA molecule at the editing site would result in a frame shift from ORF-P to the highly conserved, cysteine-rich V protein-specific ORF (ORF-V). The edited P mRNA molecule encodes a putative V protein 295 aa in length, which shares its N- terminal 243 aa with the P protein and has a calculated M r of 32.1 kDa (Table 1) .
At 542 aa the P protein of MoV is intermediate in size between the P proteins of the morbillivirus and respirovirus genera and is closest in size to the P protein of TPMV (527 aa). Pairwise alignments of the deduced MoV P protein with other Paramyxovirinae P proteins gave amino acid identities of greater than 20% only with the P proteins of TPMV (24%) and members of the genus Morbillivirus (up to 22%). When the comparison was restricted to the P protein-specific C-terminal domain identity values increased to 30% with TPMV, 25-31% with the morbilliviruses, and to 20 -25% with SalV and the henipaviruses. The C-terminal domain of the P protein distal to the RNA editing site is the most conserved region of the P protein among members of the Paramyxovirinae. It has been shown to be essential for oligomerization of the P protein (Harty and Palese, 1995) , binding to the L and N proteins (Curran et al., 1994; Liston et al., 1995; Ryan et al., 1991) , and subsequently for viral RNA synthesis. The C-terminal amino acid sequence motif S-T-(I,L)-E-G-X-L-S-S-(F,I,V)-M-I-A-I-P-G was found to be very well conserved between TPMV and members of the morbillivirus genus and it has been suggested that it may be involved in at least one of the specific protein-protein interactions attributed to the C-terminal domain (Tidona et al., 1999) . This motif is also well conserved in the MoV P protein, the only nonconservative substitution being a serine for the final glycine residue.
The deduced MoV C protein has a coding position within the P gene similar to the C proteins of other Paramyxovirinae and at 152 aa it is closest in size to the C proteins of TPMV (153 aa) and the henipaviruses (166 aa). On pairwise alignment it showed significant amino acid identity only with the C proteins of TPMV (26%) and MeV (20%). This is consistent with the existing members of the subfamily Paramyxovirinae-while C proteins within the genera Morbillivirus, Respirovirus, and Henipavirus are reasonably well conserved, homologies between the genera are low. Like the HeV C protein (pI 8.6), the MoV C protein (pI 8.8) is less basic than other C proteins most of which have a pI above 10. Function of the C protein remains unclear for most paramyxoviruses and it has been suggested that they may serve different functions that are genus specific (Lamb and Kolakofsky, 2001) .
The deduced full-length MoV V protein showed greatest amino acid identities with the V protein of TPMV (23%) and HeV (22%) while identities with the other Paramyxovirinae ranged between 14% and 21.5%. When comparison was restricted to the V protein-specific C-terminal domain amino acid identities increased markedly to 56% with both TPMV and SalV, 55% with NiV and to 38 -48% with the remaining members of the Paramyxovirinae. The unique C-terminal domain of Paramyxovirinae V proteins contains seven cysteine residues and a total of 15 amino acid residues that are perfectly conserved in all members of the subfamily including MoV (Fig. 5) . This domain resembles a zinc finger motif and has been shown to bind two atoms of zinc in MeV (Liston and Briedis, 1994) , Simian virus 5 (SV5) (Paterson et al., 1995) , and NDV (Steward et al., 1995) .
The matrix protein (M) gene
The predicted mRNA molecule for the MoV M gene is 1419 nt in length, encoding a 340-aa protein with a calculated M r of 38.3 kDa (Table 1) . This assumes that the first ATG codon, which is in a favourable context (Kozak, 1991) , initiates translation. Amino acid sequence identity is highest with the TPMV M protein at 52%, followed by the morbilliviruses and henipaviruses, identities which range from 47-50% and 46 -47%, respectively. Homology with the other genera is significantly lower with percentage identities of 33-35% with the respiroviruses and less than 20% with the rubulaviruses and the avulaviruses.
The fusion protein (F) gene
The MoV F gene mRNA molecule is predicted to be 2229 nt in length and to encode a 552-aa F protein with a calculated M r of 59.9 kDa (Table 1 ). The first available ATG codon, at nucleotide 222, is predicted to initiate translation despite being in a suboptimal context as the resulting amino terminal sequence is homologous to other Paramyxovirinae F proteins and the next ATG codon is a considerable distance downstream at nucleotide 387. Amino acid identity with other viruses of the subfamily Paramyxovirinae ranges from 35-36% with the morbilliviruses, 34% with TPMV and 30% with the henipaviruses, down to 25-28% with the respiroviruses, 23-27% with the avulaviruses, and 22-25% with the rubulaviruses.
The F protein of MoV, like the F proteins of other paramyxoviruses, is predicted to be a type I integral membrane protein (Lamb and Kolakofsky, 2001) . A hydrophobic region identified at the MoV F protein N-terminal domain is predicted to contain the cleavable signal sequence while the putative transmembrane domain is located at amino acids 483-513 leaving a cytoplasmic tail 39 amino acids in length. Paramyxovirus fusion proteins are synthesized as an inactive precursor (F 0 ) that is cleaved by host cell proteases to form the biologically active protein consisting of the disulphide linked chains F 1 and F 2 (Lamb and Kolakofsky, 2001) . The predicted cleavage site of the MoV F protein, AGNKK, is dibasic and does not conform to the sequence specificity for cleavage by furin, R-X-K/R-R (Hosaka et al., 1991) , conserved in the majority of the Paramyxovirinae. MoV and HeV are the only paramyxoviruses sequenced to date to have a lysine residue in place of an arginine at the C-terminal end of the F 2 subunit. The predicted cleavage site of the MoV F protein is immediately followed by a highly conserved 25-aa-long putative hydrophobic fusion peptide. Two heptad repeat (HR) regions, characteristic of other paramyxoviruses and retroviruses (Chambers et al., 1990) , were identified, HRA near the fusion peptide and HRB preceding the transmembrane domain. Heptad repeat regions have a sequence periodicity a,b,c,d,e,f,g, in which amino acids at positions a and d predominantly have bulky and hydrophobic or neutral side-chains (Chambers et al., 1990) . HRA and HRB are thought to be involved in a conformational change in the F protein, in paramyxoviruses possibly triggered by binding of the viral attachment protein to the cell receptor, which is proposed to position the fusion peptide in a manner suitable for its insertion into the target membrane in the initiation of virus-cell and cell-cell fusion (Baker et al., 1999; Lamb and Kolakofsky, 2001) . The region consisting of the cleavage site, fusion peptide, and HRA of the MoV F protein, aligned with the corresponding region of other Paramyxovirinae members, is illustrated in Fig. 6 .
The MoV F 0 protein contains five potential sites for the addition of N-linked carbohydrate, four of which are located within the F 2 subunit (N27, N59, N65, and N86) and one in the F 1 subunit (N233) unlike its closest homologues the morbillivirus F proteins in which potential sites are exclusively located within the F 2 subunit. In fact the MoV pattern is unique among the Paramyxovirinae as other members that have potential N-linked glycosylation sites in both their F 1 and F 2 subunits consistently have the greater proportion of these within F 1 .
The attachment protein (G) gene
Because we have failed to detect any hemagglutinin or neuraminidase activity in assays carried out on MoV to date (Crameri, G., Eaton, B., Miller, P., unpublished results), the attachment protein has been designated "G" to indicate a type II glycoprotein.
The mRNA molecule for the G gene is predicted to be 2313 nt in length and codes for a putative attachment protein 632 aa long with a calculated M r of 70.2 kDa (Table 1) . This assumes that the first available ATG is used to initiate translation of the G protein, which appears likely as it is in a favourable context (Kozak, 1991) , and the next two available ATG codons, although also in favourable contexts, occur within the putative transmembrane domain. At 632 aa the MoV G protein is the second largest sequenced to date within the subfamily, the only larger being that of TPMV at 665 aa. Like other members of the Paramyxovirinae the MoV G protein is predicted to be a type II integral membrane protein with a hydrophobic domain located at aa 42-69 functioning both as the signal sequence and the transmembrane anchor. It is interesting to note that like MoV the attachment proteins of the henipaviruses also have two ATG codons within their hydrophobic transmembrane domains and that respiratory syncytial virus uses an ATG codon within the transmembrane domain of glycoprotein G to initiate translation of a secretable form of the protein (Roberts et al., 1994) . Three potential N-linked glycosylation sites were found, at N155, N175 and N319, respectively. Other Paramyxovirinae attachment proteins have at Fig. 6 . Sequence alignment of the MoV F protein cleavage site, fusion peptide, and heptad repeat A (HRA) regions with selected members of the Paramyxovirinae. A gap has been introduced at the predicted cleavage site. Predicted heptad repeat residues a and d, the side-chains of which are predominantly bulky and hydrophobic or neutral (see text for details), are shaded. Amino acid residue numbers for each protein are shown to the left of each sequence and an asterisk denotes every 10th residue. Dots indicate identical residues. See materials and methods section for full virus names and database accession numbers. least four potential N-linked glycosylation sites, the distribution of which varies.
Amino acid identities of the MoV G protein with other Paramyxovirinae are low, ranging from 17-20% with the respiroviruses while those with TPMV and the remaining genera are less than 14%. In contrast, attachment protein amino acid identities between members of a genus within the Paramyxovirinae range from 34% to 78%. Although amino acid identities between members of different genera within the subfamily are consistently low there is strong conservation of structural determinants such as cysteine residues, glycine residues and position of the hydrophobic transmembrane domain (Morrison and Portner, 1991) . On alignment 13 of the 16 cysteine residues contained in the G protein of MoV are identical in position to those in the respirovirus, henipavirus, and TPMV attachment proteins. In addition, several glycine and proline residues and the position of the hydrophobic transmembrane domain are also well conserved between MoV and other Paramyxovirinae. Langedijk et al. (1997) carried out in-depth sequence and structural alignments of Paramyxovirinae attachment proteins with selected viral, bacterial, protozoal, and eukaryotic neuraminidase and transneuraminidase proteins. It was identified that six of the seven common neuraminidase active site residues are conserved in respiroviruses and rubulaviruses while four are conserved in the morbilliviruses. On sequence alignment of the MoV G protein with the attachment proteins of representatives from each Paramyxovirinae genus it was found that two of these active site residues, R1 and R5, are conserved in MoV (Table 3 ). The hexapeptide NRKSCS, conserved in respirovirus and rubulavirus attachment proteins, is thought to form part of the sialic acid binding site (Jorgensen et al., 1987; Mirza et al., 1994) . Similar to the henipavirus attachment proteins, the MoV G protein possesses only the last two residues of this motif (Table 3 ). The lack of conservation of active site residues and the hexapeptide motif suggests that the MoV G protein is unlikely to possess significant neuraminidase activity. This is consistent with the experimental finding that MoV does not display neuraminidase activity when fetuin is provided as substrate (data not shown).
The RNA polymerase or large protein (L) gene
The mRNA for the L gene is predicted to be 6678 nt in length and to code for an L protein 2205 aa long with a calculated M r of 249.7 kDa (Table 1 ). The first ATG codon is likely to initiate translation as it is in a favourable context (Kozak, 1991) and the resulting N-terminal amino acid sequence is highly conserved with other members of the Paramyxovirinae. Homology of the full-length protein was highest with TPMV at 51% amino acid identity followed by the morbilliviruses at 50%, the henipaviruses at 45-47%, the respiroviruses at 37-38%, the rubulaviruses at 28 -29%, and the avulaviruses at 26%.
The six strongly conserved linear domains identified within the L proteins of nonsegmented negative-strand (NNS) RNA viruses by Poch et al. (1990) can also be identified within the MoV L protein. Fig. 7 shows an alignment of domain III, the most conserved domain of the six, of MoV with other Paramyxovirinae. Four sequence motifs (A-D), which are conserved between the RNA-dependent RNA polymerases of positive, negative, and doublestranded RNA viruses, retroviruses, and retrotransposons, exist within the NNS RNA virus domain III and possibly represent important elements of the active site for template recognition and phosphodiester bond formation (Poch et al., 1990) . These four motifs were identified within domain III of the MoV L protein (Fig. 7) and it was found that MoV, like the henipaviruses and TPMV, has the sequence GDNE within motif C instead of the GDNQ sequence present in other members of the order Mononegavirales. The functional importance of the GDNQ sequence has been investigated in vesicular stomatitis virus (VSV) and Rabies virus (RaV). In VSV, when the GDNQ was mutated to GDNN the L protein retained only 5% of the parental L protein transcriptional activity (Sleat and Banerjee, 1993) . In RaV, mutation of GDNQ to GDNN and GDNE resulted in L proteins with less than 1% polymerase activity of the parental L protein (Schnell and Conzelmann, 1995) . These results suggest that conservation of the Q residue in this GDNQ sequence may be important for optimal RNA polymerase activity of the L proteins of viruses right across the order Mononegavirales. It is interesting to note that so far the GDNE sequence is found only in the four paramyxoviruses of relatively large genome size.
Phylogenetic analysis
Phylogenetic trees were generated by distance matrix methods from sequence alignments of full-length N, P, M, F, G, and L proteins of MoV with cognate proteins of other members of the Paramyxovirinae. These trees consistently placed MoV between the henipavirus and morbillivirus clusters and clearly showed that it cannot be classified into any existing genus within the subfamily. Trees for the N and L proteins are shown in Fig. 8 as they illustrate the two different branching patterns seen in the six trees-trees for the M, F, and attachment proteins were similar to the N protein tree while the P protein tree was similar to the tree based on L proteins. The main difference between these two tree types is the closeness of the relationship inferred between MoV and TPMV-the phylogenetic trees based on the P and L proteins estimated a closer relationship between MoV and TPMV than those based on the N, M, F, and attachment proteins. Analyses were also conducted using parsimony methods generating trees very similar to those presented in Fig. 8 (data not shown) .
Although it is impossible to classify MoV or TPMV with any certainty at this stage, it is clear that together with SalV these viruses represent a new collection of paramyxoviruses evolutionally positioned between the morbillivirus and henipavirus genera.
Materials and methods
Virus culture and RNA isolation
MoV was isolated from mouse brain homogenate supplied by the Queensland Department of Primary Industries and was plaque purified once in BHK cells followed by two rounds of limiting dilution. For isolation of mRNA to be used in the cDNA subtraction protocol, BHK cell monolayers were infected with plaque purified MoV at a multiplicity of 0.01 TCID 50 /cell. At 3 days post infection (dpi) the infected cells were trypsinized and pelleted and cytoplasmic RNA extracted using the RNeasy Midi Kit (Qiagen, Germany). Concurrently noninfected BHK cells were similarly harvested and cytoplasmic RNA extracted. Quantities of cytoplasmic RNA extracted were measured by the GeneQuant II RNA/DNA Calculator (Pharmacia, USA). Poly(A)-containing mRNA was purified from cytoplasmic RNA using the Oligotex mRNA Midi Kit (Qiagen) and quantified as described above. For the isolation of viral genomic RNA, vero cell monolayers were infected with plaque purified MoV at a multiplicity of 0.01 TCID 50 /cell. At 3 dpi the infected monolayer supernatant was decanted and centrifuged at 1400 ϫ g for 10 min to remove cellular debris. Virus present in the supernatant was pelleted in a Beckman type 52.2 rotor at 50,000 rpm for 25 min and total RNA extracted using the RNeasy Mini Kit (Qiagen). Total RNA extracted was quantified as described earlier. When MoV genomic RNA was prepared for use in the cDNA subtraction protocol J-V genomic RNA was concurrently prepared under similar conditions. 
Isolation and characterization of viral cDNA using cDNA subtraction
The ClonTech PCR-Select cDNA Subtraction Kit was used to select virus-specific fragments from (1) differentially expressed mRNA molecules in virus-infected cells (mRNA subtraction), and (2) viral genomic RNA harvested from tissue culture supernatant (genomic subtraction). The selection and amplification processes used to obtain virusspecific fragments from infected cell mRNA have been described previously (Bowden et al., 2001; Chua et al., 2001) . Briefly, for mRNA subtraction double-stranded cDNA was made using oligo(dT) primers and mRNA from MoV-infected BHK cells (tester cDNA) and noninfected BHK cells (driver cDNA), respectively. After digestion with RsaI, tester cDNA was ligated to kit adaptors 1 and 2R in separate reactions before mixing with excess driver cDNA. Two hybridizations were performed after which tester-specific cDNA fragments were amplified by primary and nested PCR. A slightly modified cDNA subtraction strategy was used for genomic subtraction. Double-stranded cDNA was made using random hexamer oligonucleotide primers and total RNA from pelleted MoV (tester cDNA) and J-V (driver cDNA), respectively. Digestion, adaptor ligation, hybridization, and PCR reactions were then carried out as described above. Nested PCR products from both subtractions were size-purified on a 1% agarose gel in three fractions (0.2-0.6 kb, 0.6 -1.0 kb, and 1.0 -2.0 kb) using the QIA-quick PCR Gel Extraction Kit (Qiagen). The three purified fractions were cloned into the pZErO-2 vector (Invitrogen, The Netherlands) using two different strategies: RsaI-digested PCR products were cloned into pZErO-2 at the EcoRV site and EagI-digested PCR products were cloned into pZErO-2 at the NotI site. Vector-insert ligation mixes were electroporated into Escherichia coli strain TOP10 and colonies were selected on low salt LB agar containing 50 g/ml kanamycin. Colonies were randomly picked from each size-fractionated cloning and colony PCR carried out to identify insert-containing clones. Insert sequence was obtained by DNA sequencing of either purified colony PCR product (QIA-quick PCR Gel Extraction Kit, Qiagen) or purified plasmid DNA (QIAprep Spin Miniprep Kit, Qiagen).
Amplification of viral genomic RNA using MoV-specific and henipavirus genus-specific primers
Virus was propagated in and harvested from vero cell monolayers as described earlier. Total RNA was extracted from crude virus pelleted from tissue culture supernatant using the RNeasy Mini Kit (Qiagen). cDNA was synthesized using the Omniscript RT Kit (Qiagen) with random hexamer primers at low concentrations to favour the production of relatively long cDNA molecules.
MoV-specific oligonucleotide primers were designed and their synthesis carried out by a commercial provider (GeneWorks, Australia). The Platinum PCR SuperMix Kit (Invitrogen) was used to perform PCR on the cDNA template synthesized as described above, each 25-l reaction containing 20 pmol of each primer and 1 l undiluted cDNA template. PCR reactions were incubated in a Gene Amp 2400 (Applied Biosystems, USA) thermocycler using cycling parameters of 94°C for 100 s followed by 35 cycles of 94°C for 30 s, 55°C for 30 s, and 72°C for 1-2 min, and a final 2-5-min extension at 72°C. PCR products were visualized with ethidium bromide on 1-2% agarose gels and purified, using either the QIAquick PCR Purification Kit (Qiagen) or the QIAquick Gel Purification Kit (Qiagen), prior to DNA sequencing.
To obtain sequence of the 5ЈUTR of the N gene and the genome leader and the 3ЈUTR of the L gene and the genome trailer respectively, a MoV-specific primer matching either the N or L gene was combined with a henipavirus genusspecific degenerate primer (sequence 5Ј-CGCGGATCCAC-CRAACAARRG-3Ј) to generate PCR products. The primary PCR product was sequenced directly to obtain the N-gene 5ЈUTR and genome leader. To obtain the L-gene 3ЈUTR and genome trailer sequence the primary PCR product was used as template for a secondary PCR using a nested MoV-specific primer and a primer designed to anneal to the 5Ј end of the henipavirus genus-specific degenerate primer (sequence 5Ј-CAAGATACTTACGCGGATCCA-CC-3Ј). The secondary PCR product was then cloned into the pDrive vector (Qiagen) for sequencing.
Characterization of genome termini
The protocol for determining the exact sequences of the 5Ј genome and 5Ј antigenome termini was adapted from a published 5Ј rapid amplification of cDNA ends (5Ј RACE) method (Tillett et al., 2000) . Virus was propagated in and harvested from vero cell monolayers as described earlier. Total RNA was extracted from pelleted virus (containing both genome and antigenome RNA) using the RNeasy Mini Kit (Qiagen). cDNA was synthesized using the Thermoscript RT-PCR System Kit (Life Technologies, USA) and MoV-specific primers located within 145-175 nt of each end of the genome. Reverse transcriptase reactions were incubated at 37°C for 60 min followed by RT inactivation at 85°C for 5 min and treatment with RNase H. cDNA was purified using the QIAquick PCR Purification Kit (Qiagen) prior to T4 RNA ligase-mediated (New England BioLabs, USA) ligation of a single-strand anchor oligonucleotide (5Ј-GAAGAGAAGGTGGAAATGGC-GTTTTGG, 5Ј-phosphorylated and 3Ј-blocked). The ligated product was amplified by PCR using a MoV-specific primer, nested with respect to the cDNA primer, and a 27-nt primer complementary in sequence to the adaptor. When required, a heminested PCR, using the same adaptor primer and an additional nested MoV-specific primer, was also performed. PCR products obtained were gel-purified as described earlier and either sequenced directly or cloned into the pDrive vector (Qiagen) for sequencing.
DNA sequencing
Purified PCR products and plasmid DNA were sequenced using the BigDye Terminator v1.0 Kit (Applied Biosystems) and an ABI PRISM 377 DNA Sequencer (Applied Biosystems).
Analysis of nucleotide and amino acid sequences
Sequence data were routinely managed and aligned using the Clone Manager 5 and Align Plus 4 programs in the Sci Ed Central software package (Scientific and Educational Software, USA). Multiple nucleotide sequence alignments were performed using the Standard Linear scoring matrix and the Blosum 62 matrix was used for multiple amino acid alignments. Sequence similarity searches were conducted using the BLAST service at the National Center for Biotechnology Information (NCBI). Amino acid sequence identities of deduced MoV proteins with cognate proteins of Paramyxovirinae members were determined by pairwise alignment [ClustalW (accurate) (Thompson J.D. et al., 1994) ] using MegAlign 4.00 in the Lasergene software package (DNASTAR Inc., Madison, WI).
Phylogenetic analyses of both full-length proteins and highly conserved regions within proteins were undertaken using programs available through the BioManager by AN-GIS web interface (http://www.angis.org.au). Sequences were aligned by ClustalW (accurate) with published sequences from other Paramyxovirinae members and evolutionary relationships between them estimated using programs in the PHYLIP software package version 3.2 (Felsenstein, 1989) . Modified data sets were generated by bootstrap resampling (100 replicates) using the Seqboot program and both modified and unmodified data were analyzed by maximum parsimony (Protpars) as well as by distance matrix (Protdist and Neighbour) programs. Consensus phylogeny trees were derived using Consense and trees drawn using DrawTree and TreeView (Page, 1996) .
Database accession numbers
The full-length genome sequence of MoV has been deposited into GenBank under the accession number AY286409. Accession numbers for other sequences used in this study are listed below. For viruses where full-length genome sequence was not available, individual protein sequences were used and are indicated by the abbreviated gene letter in parentheses following the accession number. Avian paramyxovirus type 6 (APMV6) AY029299; Bovine parainfluenza virus type 3 (bPIV3) AF178654; Canine distemper virus (CDV) AF014953; Cetacean morbillivirus (CMV) strain Dolphin morbillivirus (DMV) X75961(N),
